The abrupt changes in the streamflow and sediment load at nine hydrological stations of the Pearl River basin were systematically analysed by using the simple two-phase linear regression scheme and the coherency analysis technique. Possible underlying causes were also discussed. Our study results indicated that abrupt changes in the streamflow occurred mainly in the early 1990s. The change points were followed by significant decreasing streamflow. Multiscale abrupt behaviour of the sediment load classified the hydrological stations into two groups: (1) Xiaolongtan, Nanning and Liuzhou; and (2) Qianjiang, Dahuangjiangkou, Wuzhou, Gaoyao, Shijiao and Boluo. The grouped categories implied obvious influences of water reservoirs on the hydrological processes of the Pearl River. On the basis of analysis of the locations and the construction time of the water reservoirs, and also the time when the change points occurred, we figured out different ways the water reservoirs impacted the hydrological processes within the Pearl River basin. As for the hydrological variation along the mainstream of the Pearl River, the water reservoirs have considerable influences on both the streamflow and sediment load variations; however, more influences seemed to be exerted on the sediment load transport. In the North River, the hydrological processes seemed to be influenced mainly by climate changes. In the East River, the hydrological variations tended to be impacted by the water reservoirs. The study results also indicated no fixed modes when we address the influences of water reservoirs on hydrological processes. Drainage area and regulation behaviour of the water reservoirs should be taken into account. The results of this study will be of considerable importance for the effective water resources management of the Pearl River basin under the changing environment.
INTRODUCTION
Variations of sediment load and streamflow have been drawing considerable concern from hydrologists, geomorphologists and even policy makers (e.g. Dade, 2000; Hu et al., 2001; Syvitski, 2003; Lu, 2004; Zhang et al., 2006a; Liu et al., 2008; Liquete et al., 2009) , which is mainly due to the fact that the sediment load and streamflow changes are the integrated results of influence from human activities and climate changes. Sound understanding of sediment discharge and streamflow across different time scales has the potential to allow better predictions of the impact of human activities in contrast to climate changes (Syvitski, 2003) . Influence of water reservoirs on sediment transport can be seen as a good case and which was widely discussed in the literature (White et al., 2005; Zhang et al., 2008a Zhang et al., , 2009a . Vorosmarty et al. (1997) , indicated that approximately 30% of the global sediment flux was trapped in large reservoirs, and the coastal impact of such a dam construction can be considerable (Hart and Long, 1990; Zhang et al., 2009a) . Therefore, some researchers pointed out that due to increasing influences of the construction of more recent dams and other engineering projects, the global estimates of sediment should need continual re-examination (e.g. Syvitski, 2003) . This may be why the researchers attached great importance to the trend detection of hydrological series such as sediment load and streamflow series at the basin scale (Yu et al., 1993; Burn et al., 2002; Walling and Fang, 2003; Kahya and Kalayci, 2004; Zhang et al., 2006b) .
Many reports indicated that reduced sediment supply as a result of construction of dams and other hydraulic facilities has resulted in catastrophic changes in river deltas (e.g. Trenhaile, 1997) . Moreover, the river deltas are now receiving increasing attention from hydrologists, fluvial geomorphologists, policy makers and ecologists due to the fact that the river deltas are heavily populated and contribute much to the economic development of human society (Pont et al., 2002; Ericson et al., 2006) . Therefore, we can say that the importance of study on sediment load and streamflow variations mainly lies in the tremendous impacts of reduced sediment load on the development of the river deltas (Fanos, 1995; Trenhaile, 1997; Zhang et al., 2009a) . It is particularly true for the Pearl River basin as one of the economically developed regions of China . The Pearl River basin plays a significant role in the socioeconomic development of China as being one of the fastest developing regions in China since the country adopted the 'open door and reform' policy in the late 1970s. The Pearl River is the second largest river in China with regard to its streamflow. The Pearl River basin involves the West River (Xijiang, in Chinese), the North River (Beijiang), the East River (Dongjiang) and the rivers within the Pearl River Delta (PRD), with total drainage area of 453690 km 2 . The PRD is the integrated delta composed of the West River delta, the North River delta and the East River delta. The area of the PRD is about 9750 km 2 , wherein the West River delta and the North River delta account for about 93Ð7% of the total area of the PRD. In recent decades, altered hydrological processes within the Pearl River Delta have been widely discussed (Luo et al., 2007; Chen et al., 2008a) . Studies indicated that the changed streamflow ratio was seen as one of the major factors causing alterations of the water levels across the river network of the Pearl River Delta (Chen and Chen, 2002; Luo et al., 2007) . Huang and Zhang (2004) also suggested that streamflow from the upper PRD heavily influenced the behaviour of the water levels within the PRD river network. Besides, intense sand dredging during the last few decades greatly changed the topographical properties of the river channels and was seen as one of the major causes behind hydrological alterations within the Pearl River delta . Therefore, good knowledge of variations, particularly, abrupt behaviour of streamflow and sediment load of the Pearl River basin and possible underlying causes will be of great help in better understanding the altered hydrological processes of the Pearl River Delta, and is also beneficial for river management and water resource strategies. Furthermore, sound and effective water resources management is particularly important for the Pearl River basin in that about 80% of Hong Kong's annual water demands rely heavily on water supplies from the East River, one of the major tributaries of the Pearl River basin.
With respect to streamflow and sediment load variations in the Pearl River basin, Zhang et al. (2008b) analysed annual water discharge and sediment load series (from the 1950s to 2004) at 9 stations in the main channels and main tributaries of the Zhujiang (the Pearl River), demonstrating a significantly decreasing sediment load at some stations in the main tributaries, and more stations have witnessed significantly decreasing sediment loads since the 1990s. They also indicated that the decreasing sediment load of the Pearl River basin was the result of reservoir construction and streamflow variations due to precipitation changes. It should be acknowledged that this study be considered important for good understanding of hydrological variations in space and time within the Pearl River basin. What is more important is that the authors also studied the influence of land use changes on hydrological processes of the Pearl River basin. However, some problems are not well answered: (1) how do the precipitation changes impact the streamflow variations in both space and time? (2) the streamflow and sediment load changes are usually dynamically correlated, and these relations are easily influenced by other influencing factors like human activities, particularly the construction of water reservoirs. The problem is to find out exactly how water reservoirs influence the changing processes of the sediment load and streamflow. In the current study, we attempted to answer these questions by re-evaluating the hydrological variations in terms of sediment load and streamflow at different time scales. In addition, our previous study indicated different influences of water reservoirs on sediment load and streamflow variations in light of river basins of different drainage areas. Moreover, sediment load tends to be more influenced by trapping functions of water reservoirs than streamflow. Other researchers also have different viewpoints concerning influences of water reservoirs on hydrological changes of the river basin. Romano et al. (2008) demonstrated that the distance downstream from the dam and downstream tributary and watershed characteristics should be considered before assuming that the dam has changed hydrologic parameters for portions of rivers. They also indicated that altered flood frequency and duration of the site 32Ð3 km below the dam installed in 1967 was attributed to climate rather than dam effects. The aforementioned tends to underscore the necessity of re-evaluation of sediment load and streamflow changes, associated statistical properties and underlying causes. This can be seen as the major motivation for this study. The major aim of this study is to obtain deeper understanding of hydrological processes across the Pearl River basin and underlying influencing factors. We also discuss the implications of these hydrological changes with respect to river management and hydrological alterations in the Pearl River Delta. The importance of this study can be addressed as: (1) we analysed spatial and temporal variations of annual precipitation across the Pearl River basin and related them to the hydrological changes; (2) more robust statistic analysis techniques were applied in this study and these methods were successfully applied in hydrological analysis (e.g. Jiang et al., 2002; Zhang et al., 2009a) ; (3) we tried to identify abrupt behaviour of the sediment load and streamflow variations on different time scales with updated dataset which undoubtedly benefits better predictions of the impact of human activities in contrast to climate changes (e.g. Syvitski, 2003) and developed improved understanding of hydrological processes under the fast changing environment in the Pearl River basin. In this case, the major objectives of this study are: (1) to analyse spatial and temporal changes of precipitation and their relations with streamflow variations across the Pearl River basin; (2) to detect change points and trends of hydrological series on different time scales by using a simple two-phase linear regression scheme; and (3) to understand relations between sediment load and streamflow by using a coherency analysis technique (e.g. Jiang et al., 2002; Zhang et al., 2009a) . Finally, possible causes behind hydrological variations are also discussed.
STUDY REGION AND DATASET
The Pearl River (
5 km 2 in drainage area of which 4Ð42 ð 10 5 km 2 is located in China. The Pearl River basin consists of three major river systems (PRWRC, 1991) : the West River, the North River and the East River. The West River is the largest tributary comprising the Nanpan River, the Hongshui River, the Qian River and the West River (Figure 1 ). The total length of the West River is 2075 km with a drainage area of 353120 km 2 accounting for 77Ð8% of the total drainage area of the Pearl River basin. The North River is the second largest tributary of the Pearl River with a length of 468 km and a drainage area of 46710 km 2 . The East River is about 520 km long with a drainage area of 27000 km 2 . With respect to climate properties, the Pearl River basin is dominated by tropical and sub-tropical climate, being characterized by abundant precipitation with an annual mean temperature of 14-22°C.
Hydrological data series (1950s-2007) of the annual streamflow and the sediment load extracted from 9 hydrological stations within the Pearl River basin were collected from the hydrological yearbooks of the People's Republic of China . The stations studied in this project are the same as those in Zhang et al. (2008b) . The difference is that the time of the hydrological data was updated to 2007. Location of the hydrological stations can be referred to in Figure 1 . Detailed information of hydrological dataset was displayed in Table I . We also illustrate the locations of the major water reservoirs in the Pearl River basin with the aim of demonstrating possible influences of human activities, such as the trapping functions of the water reservoirs in this study and on hydrological variations. The daily precipitation dataset covering 1 January 1960-31 December 2005 was collected from 42 rain stations in the Pear River basin. The precipitation data are from the National Climate Center of China. Locations of the rain gauging stations can be referred to in the lower panel of Figure 1 . There are a few missing data in the daily precipitation dataset. Of the 42 stations, 7 stations have some missing data, and in total, the missing data is less than 0Ð01%. The missing precipitation data are filled in by the average value of its neighbouring days. We assumed that this gap-filling method will have no influence on the Boluo 1954 Boluo -2007 Boluo 1954 Boluo -2007 long-term temporal trend. Moreover, the data consistency was checked by the double-mass method and the result showed that all the data series used in the study were consistent (Zhang et al., 2009b) .
METHODOLOGY
In this study, we evaluated spatial and temporal variations of annual precipitation by using Rotated Empirical Orthogonal Function (REOF) with an aim to exploring influences of climate changes on streamflow variations. Change points and the trends of sub-series divided by change points were detected by the simple two-phase linear regression scheme. The correlation between streamflow and sediment load should be positive. Negative correlations may imply disturbed hydrological processes such as reduced sediment load but increased streamflow. In this study, we firstly analysed a scanning t-test and then detected relations between streamflow and sediment load by coherency analysis. The REOF (Richman, 1986) was widely used in the study of meteorology and climatology. In this paper, the varimax-REOF method is used, meaning that the initial EOF modes are linearly transformed using the varimax method, which maximizes the variance of the squared correlation coefficient between the time series of each REOF mode and each original EOF mode, in that this method is good at dividing climatic patterns (Kim and Wu, 1999) . The other techniques used in the study are introduced here with an aim to maintaining the completeness of this study.
The simple two-phase linear regression scheme
We introduced the simple two-phase linear regression scheme by Solow (1987) , Easterling and Peterson (1995) , and Vincent (1998) . We also introduced the improved method based on the work by Lund and Reeves (2002) .
The model is formulated as
The subsample size n may vary as n D 2, 3, . . . , <N/2, or as suitable time intervals. The j D n C 1, n C 2, . . . , N n C 1 is the reference time point. N is the length of the time series. The trend parameters are evaluated by the least squares estimates of (1) as
In (2), X 1 and X 2 are the average series values before and after time j, respectively. Similarly, t 1 and t 2 are the average time observations before and after time j, respectively. The location parameters 1 and 2 in Equation (1) are obtained by least squares estimates as
The denominators in (2) can be explicitly evaluated as j 1 tDj n t t 1 2 D j 1 j j 2 12 and
Under the null hypothesis of no-change points, the regression parameters during the two phases must agree, i.e.˛1 D˛1 and 1 D 2 . If so, O 1 O 2 and Ǫ 1 Ǫ 2 should be close to zero for each sub-sample divided by j.
Rescaling this to a regression F statistic merely states that (Lund and Reeves, 2002 )
In (5), SSE Full is the 'full model' sum of squared errors computed from
SSE Red is the 'reduced model' sum of squared errors, which was formulated as
where O Red and Ǫ Red are estimated under the constraints (Lund and Reeves, 2002) . If a change point is present at time j 1, F c should be statistically large when compared to the threshold value by F test. The effective degree of freedom after the correction of dependence and in a normalized distribution for the time series (Von Storch and Zwiers, 1999; Jiang et al., 2007) can be estimated by
where INT denotes taking the integer part of the number. After the effective degree of freedom is known, the threshold value (F th ) can be obtained via the F test table (Lund and Reeves, 2002) . If F c > F th , then we can say that the change point is statistically present.
Scanning t-test and coherency analysis
Scanning t-test is based on the work by Jiang et al. (2002) . They extended the definition of Student's t-test (Cramer, 1946 ) by identifying change points on different time scales. This method was introduced with good details in Jiang et al. (2007) . For the sake of completeness of the study, we briefly introduced this method here.
Statistic t n, j in the scanning t-test is defined as the difference of the sub-sample averages between every two adjoining sub-series of equal sub-series size (n):
1/2 9 where
x j1 2 , and
in which sub-sample size n may vary as n D 2, 3, . . . , <N/2. The j D n C 1, n C 2, . . . , N n C 1 is the reference time.
The Table- Look-Up Test (Von Storch and Zwiers, 1999) was used to modify the significance criterion of statistic t n, j with lag-1 autocorrelation coefficients of the pooled sub-sample and the sub-sample size n in that hydrological series usually subject to persistence. Criterion t 0Ð05 for the correction of the dependence is accepted as the significance level on time scales considered. For shorter sub-sample sizes, the critical values are overly restrictive. Since the significance level varies with n and j, to make values comparable the test statistic was normalized as
If jt r n, j j > 1Ð0, the abrupt change is significant at the 0Ð05 significance level. t r n, j < 1Ð0 denotes significant decrease and t r n, j > 1Ð0 significant increase. After the above mentioned computation, the coherency of abrupt changes between two series u and v was computed as t rc n, j D sign[t ru n, j t rv n, j ]fjt ru n, j t rv n, j jg 1/2 . 12 When statistic t rc n, j > 1Ð0 with both jt ru n, j j, jt rv n, j j > 1Ð0, the two series have abrupt changes in the same direction; while if t rc n, j < 1Ð0, the two series have abrupt changes in opposite directions (Jiang et al., 2002) . The coherency of abrupt changes between streamflow and sediment load series can be taken as an indication of the interaction between these two series on different time scales.
In the figures by the simple two-phase linear regression scheme, the scanning t-test and coherency analysis, solid lines indicate increasing trend after the time marked by the thick solid lines (significant change point) and the increasing trend will end when the dashed contours appear. The same explanation can be valid for the dashed lines. Table II lists the percentage of variance explained by each REOF showing that the first 6 REOFs explained more than 70% variance of the annual precipitation variations. We can say that the first 6 REOFs can well represent the annual precipitation changes across the Pearl River basin. Increase or decrease of precipitation can be identified based on rotated EOFs and related 
RESULTS

Rainfall changes
principle component time series and will be discussed in the following sections. increasing precipitation after about 1992 on time scales of <16 years. After 1997, the annual precipitation in the lower Pearl River basin tends to be decreasing. The second rotated EOF pattern is centered at the upper Li River and the areas between Li River and the Hongshui River (upper panel of Figure 1 ). Decreasing annual precipitation in this region is observed after 1976 and the annual precipitation tends to be increasing after the late 1990s. The annual precipitation seems to be decreasing again after the mid-1990s (Figure 3(B) ). It should be noted here that one significant change point is detected at the mid-1970s. This change point is the time when the transition of annual precipitation from increase to decrease in the negative center shown by Figure 2(B) . The third and fourth rotated EOFs (Figure 2 (C) and (D)) are associated alternatively with the precipitation regimes in the upper Beipan River and the upper Yau River and the Zuo River. It can be observed from Figure 3 (C) that no observable change point is detected in the annual precipitation changes and increase seems to dominate the changing properties of annual precipitation in the upper Beipan River. The PCs of the fourth rotated EOF pattern indicate two change points, though they are not significant at >95% confidence level (Figure 3(D) ). The decreasing annual precipitation is observed after the mid-1970s and increasing annual precipitation after the late 1980s (Figure 3(D) ). 1965 1970 1975 1980 1985 1990 1995 2000 2005 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 1960 1965 1970 1975 1980 1985 1990 1995 Figure 1 ). Annual precipitation in this region is dominated by increase on longer time scales of >16 years (Figure 3(E) ). On shorter time scales of <16 years, the annual precipitation is in more complicated changing characteristics. The annual precipitation tends to be increasing after 1982 and comes to be decreasing after the mid-1990s. As for the sixth rotated EOF observed in the upper Nanpan River, similar properties can be found in comparison with those of the fifth rotated EOF (Figure 3 (E) and (F)). In terms of longer time scales of >16 years, the annual precipitation is dominated by increase. On the time scales of <16 years, the annual precipitation decreases after 1970, and increases after the early 1980s. After the early 1990s, the annual precipitation in the upper Nanpan River increases. Besides, capsulation of the aforementioned results indicate two time intervals with change points within the annual precipitation over the Pearl River basin, without caring about whether the change points are significant or not. The first abrupt change occurs in the time interval of 1970-1975 and the second change point during the late 1980s and early 1990s. This conclusion is helpful for judicious investigation of underlying causes behind the abrupt behaviour of streamflow and sediment load of the Pearl River basin from the standpoint of climate changes. Figure 4 illustrates abrupt behaviour of streamflow variations on different time scales. Change points were observed in the streamflow series at 6 out of 9 hydrological stations, i.e. Nanning, Qianjiang, Dahuangjiangkou, Wuzhou, Gaoyao and Shijiao. No significant change points were identified within the streamflow series at Xiaolongtan, Liuzhou, and Boluo. It can also be observed from Figure 4 that abrupt changes of streamflow variations largely occurred in the late 1980s (on the time scales of 8-16 years). Regions covered by solid contour lines indicate that on longer time scales of >16 years, there occurred increasing streamflow after the mid-1970s. Decreasing streamflow can be observed before the mid1970s. After the mid-1990s, streamflow at Liuzhou, Shijiao and Boluo starts decreasing. ) 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 stations demonstrated roughly similar changing patterns, which may be due to relatively homogeneous spatial distribution of precipitation changes (Zhang et al., 2009b) . Different changing patterns can be found on time scales of <16 years, i.e. the changing properties of streamflow series tend to be increasingly complicated from upper to the lower Pearl River basin, which is mainly reflected by highly frequent fluctuations of increase and decrease of streamflow variations. This may be due to more factors exerting influence on hydrological processes in the lower Pearl River basin than in the upper Pearl River basin. Figure 5 showed the standardized streamflow series and associated trends of sub-series divided by change points at 9 hydrological stations. The streamflow series are subdivided into two parts by the change points, and linear trends are also evaluated for each sub-series. Visual inspection indicated that abrupt changes of the streamflow at all the hydrological stations occur mainly in the late 1980s and early 1990s. This abrupt behaviour seem to be in good line with those of annual precipitation changes. No observable changes are detected in the streamflow series of Xiaolongtan, Nanning and Qianjiang. In addition, slightly increasing streamflow is found due to the fact that the annual precipitation in the upper Pearl River basin is dominated by slightly increasing tendency (Figure 3 (C) and (F)), and it is particularly true from the standpoint of longer time scales of >16 years. Particularly, abrupt behaviour of the annual precipitation in the upper Beipan River is not observable. The streamflow of the Pearl River basin east of 108°E decreases after the early 1990s. Streamflow of Dahuangjiangkou and Wuzhou decreases after the mid-1990s. This is mainly due to the decreasing annual precipitation after the 1990s (Figure 3 show that abrupt behaviour of streamflow variations are more complicated than the annual precipitation changes, which is reflected by more significant change points. This may be attributed to more influencing factors, besides precipitation, impacting the streamflow changes, and this is particularly the case for the East River which satisfies 80% of water demand of Hong Kong, e.g. Boluo station.
Streamflow behaviour
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Sediment load behaviour
Figures 6-7 display abrupt variations of the sediment load. Two changing styles in terms of abrupt behaviour of sediment load are identified from Figure 6: (1) the sediment load is generally decreasing; (2) the sediment load increases before change points, usually in the 1980s or early 1990s, and decreases after change points. General decreasing sediment load is observed at Xiaolongtan, Nanning, Shijiao and Boluo. The second changing style of sediment load can be detected at Qianjiang, Dahuangjiangkou, Wuzhou and Gaoyao. The changes of sediment load of Xiaolongtan, Nanning and Liuzhou are not obvious. 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 1955 1965 1975 1985 1995 2005 8 9 Figure 6 . Multiscale abrupt behaviour of sediment load variations of the Pearl River basin. Numbers 1-7 in the panels denote stations as suggested in Figure 1 . Arrows denote the time when change points occurred. The change points were obtained by using the two-phase regression model technique changes of sediment load mostly occur around the mid1980s. Figure 6 shows that no abrupt behaviour is found in the sediment load series of Xiaolongtan, Nanning and Liuzhou. Figure 1 shows that there are no water reservoirs upstream to these three hydrological stations. Comparison among Figures 2,3 and 6 indicates dissimilarity in terms of change points of majority of sediment load series. Therefore, it is assumed to attribute the abrupt behaviour of sediment load to regulations of water reservoirs. The change point of sediment load of Shijiao in the North River occurs in the early 1990s, so does the change point of streamflow. One change point of annual 8) and 7(8)). Similar phenomena are found in the abrupt changes of sediment load, streamflow at Wuzhou and Gaoyao and annual precipitation in the same region where these two hydrological stations are located. Therefore, we can say that the precipitation changes also exert tremendous influences on sediment load changes. The impacts of climatic changes on the sediment load and runoff changes are greater in smaller than in larger river basins. The responses of sediment load and runoff changes to the impacts of climatic changes are prompt and prominent in the smaller river basin relative to those in the larger river basin . This is due to the shorter process of production and propagation of sediment load and streamflow within the river channels of smaller river basins when compared to the larger river basins, which reduces the buffering functions of river channels in terms of transportation of sediment load and streamflow. Besides, the longer the distance between hydrological stations and water reservoirs, the less influence the water reservoirs have on sediment load variations. This point was well corroborated by studies in the Yangtze River basin .
Coherency of streamflow and sediment
Close relations can be expected between sediment load and streamflow and that may be the reason why the rating curve comes between sediment load and streamflow (Syvitski et al., 1987) . Negative relations between sediment load and streamflow should imply sediment load or streamflow was heavily influenced by other external factors, such as human activities . With this in mind, we conducted a coherency analysis based on scanning t-test technique (Figure 8 ). Visual inspection of Figure 8 shows three changing patterns based on distribution of solid and dashed contour lines within time scale versus time space: (1) in-phase coherency relations are dominant between sediment load and streamflow variations. The representative hydrological stations are: Xiaolongtan, Nanning, Liuzhou and Wuzhou; (2) anti-phase coherency relations are prominent, and it is particularly true for coherency relations between sediment load and streamflow on shorter time scales of <16 years. The representative hydrological station is Dahuangjiangkou; (3) anti-and in-phase relations occur interchangeably and no fixed changing patterns can be identified. These coherency relations can be found at the hydrological stations considered in this study. In the next section, we discuss the influences of trapping functions of water reservoirs and climate changes on abrupt behaviour of sediment load and streamflow series within the Pearl River basin in greater detail.
DISCUSSIONS
Hydrological variations, such as sediment load and streamflow in this study are the integrated consequences of human activities and streamflow variations. In this study, we discuss the influence of water reservoirs and climate changes on the hydrological processes of the Pearl River basin. Up to today, 36 large-sized water reservoirs with total storage capacity of 29 billion m 3 have been constructed (Dai et al., 2007) . However these water reservoirs are mainly located in the tributaries and in the upper Pearl River basin, exerting limited influences on flood control or streamflow variations. We locate the main water reservoirs across the Pearl River basin in Figure 1 . Results of the aforementioned analyses indicate that the streamflow and sediment load variations of 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 2005 1955 1965 1975 1985 1995 Xiaolongtan, Nanning, Liuzhou and Boluo are different from the other hydrological stations in that no significant change points are identified within the hydrological series. It is noted that there are no large water reservoirs upstream to these hydrological stations. Therefore, the altered hydrological processes could be subjected mainly to precipitation changes in both time and space. The Boluo station is an exception. There are more than two water reservoirs located upstream to the Boluo station. However, no change points can be identified in the hydrological series of the Boluo station. Therefore, besides possible influences of water reservoirs and climate changes, systematic changes due to physical properties of a river basin, such as land use, topographical characteristics and so forth, are also considerably important. Furthermore, the East River basin satisfies 80% of the water demand of Hong Kong which may contribute to hydrological changes of the East River basin. We have further discussions on this point in the following sections. Figure 3 (A) indicates decreasing annual precipitation in the lower Pearl River basin on longer time scales of >16 years. These two factors could be seen as the key factors explaining the general decrease of streamflow and sediment load at the Boluo station. The construction of the Tianshengqiao water reservoir was completed at 1989 with storage capacity of 26 million m 3 . The construction of Yantan water reservoir was started in 1985. At 1992, the water reservoir began to work for power generation. The storage capacity of the Yantan water reservoir is 3Ð35 billion m 3 . Detailed information of water reservoirs can be referred to in Table III . Just as analysed above, the streamflow and sediment load decreased after around the mid-1980s. Change points of the sediment load occurred earlier than those of the streamflow variations, being earlier than 1985. Abrupt changes of streamflow are identified after 1985. Abrupt variations of annual variations in the region between 108°E and 112°E occur in the early 1980s. These results imply that the sediment load changes are more sensitive to climate changes than streamflow variations. Streamflow changes are also impacted by the trapping functions of water reservoirs based on the timing of change points. Therefore, we can say that the streamflow and sediment load changes were influenced by both hydrological regulations of water reservoirs and climate changes, at least it is true for the sediment load and streamflow changes of the hydrological stations located in the mainstream of the lower Pearl River basin. Even so, anti-phase coherency relations are also observed after the mid-1980s at the stations along the mainstream downstream to the Yantan reservoir, which should be due to larger magnitude of decrease of sediment load when compared to the streamflow, which may imply more influence of water reservoirs on sediment load transport than the streamflow. Streamflow decreases after the 1990s at the Liuzhou station and no water reservoirs are constructed in the upper stream to the Liuzhou station. The decrease of streamflow after the 1990s at the Liuzhou station is attributed mainly to precipitation changes. Results of our analyses indicated decreasing wet months in the regions upper to the Liuzhou station (Zhang et al., 2009c) . Therefore, sediment load changes are more sensitive to climate changes and human activities such as hydrological regulations of water reservoirs in this study. This phenomenon is different from that found in the Yangtze River basin . The construction of the Feilaixia water reservoir was started in 1994 and began power generation in 1999. The storage capacity is 1Ð336 billion m 3 . Abrupt change analysis indicated that the change point of the streamflow and sediment load at Shijiao station occurred in the early 1990s. Coherency analysis indicated anti-phase relations between streamflow and sediment load after the early 1990s. This abrupt behaviou of sediment load and streamflow at the Shijiao station are in good agreement with annual precipitation variations (Figures 3(A) ,4(8) and 6(8)). Therefore, the changes of the sediment load and streamflow at the Shijiao station seemed to be the result of climatic changes rather than the influence of water reservoirs. The construction of the Fengshuba water reservoir ended in 1975, and that of the Xinfengjiang water reservoir in 1963. Sediment load of the Boluo station decreases significantly after the early 1970s. No observable changes are identified in the streamflow changes of the Boluo station, which demonstrates considerable impacts of water reservoirs on transportation of sediment load than on streamflow changes. Therefore, we can conclude that the hydrological alterations of sediment load are the results of the construction of these two water reservoirs. Chen et al. (2008b) indicated that along the East River, dams have greatly altered the hydrological regimes. Therefore, in the East River basin, water reservoirs exerted tremendous influence on sediment load changes. After the foregoing discussions, we can say that there are no fixed patterns or modes when we discussed influences of human activities, such as water reservoirs in this study, on the hydrological processes in certain river basins. The influences vary from one river basin to another with regards to different drainage basins and different regulation behaviour of the water reservoirs. The ways in which the water reservoirs and climate changes impact the sediment load and streamflow changes are also different in different parts of the river basin. In addition, coherency analysis indicates anti-phase relations between sediment load and streamflow, if any, on larger time scales of >16 years. The in-phase relations are dominant on smaller time scales of <16 years, showing considerable influences of streamflow changes on sediment load on shorter time scales. Romano et al. (2008) suggested that the distance between hydrological stations and the dam and watershed characteristics should be taken into account before assuming that the dam has changed hydrologic parameters. Usually, hydrological processes of the smaller river basins are usually more sensitive to the hydrological regulations of the water reservoirs when compared to the larger river basins ). In the current study, the different ways in which the climate changes and water reservoirs impact the hydrological variations are identified in different parts of the Pearl River basin, and these results are of great value for appropriately adjusting human activities to satisfy the requirements of ecological environment in terms of water and effective water resources management on the basin scale.
CONCLUSIONS
Abrupt behaviour of streamflow and sediment load variations at nine hydrological stations of the Pearl River basin were analysed by using the simple two-phase linear regression scheme and the coherency analysis based on scanning t-test technique. To develop improved understanding of these abrupt changes, we also analyse spatial and temporal variations of annual precipitation across the Pearl River basin by using REOF technique. Besides, we attempt to elucidate the possible influences of water reservoirs on hydrological process by exploring the time when construction of water reservoirs occurs and when the abrupt changes of hydrological changes happen. Some interesting and important conclusions obtained were as follows.
1. Multiscale abrupt behaviour of sediment load and streamflow variations indicate two changing patterns which grouped the hydrological stations considered in this study into four categories: (i) Xiaolongtan, Nanning and Liuzhou; (ii) Qianjiang, Dahuangjiangkou, Wuzhou, Gaoyao; (iii) Shijiao; and (iv) Boluo. Distinctly different properties are identified in changes of sediment load and streamflow at aforementioned hydrological stations. No obvious changes are observed in sediment load and streamflow series of the first group of stations. As for the second group of stations, it is hard to decide exactly how climate changes and water reservoirs influence the sediment load and streamflow. The results tend to support such a point that Yantan water reservoirs exert considerable influence on streamflow and sediment load. The difference is that sediment load changes may be more sensitive to climate changes than streamflow. As for the Shijiao station, changes in sediment load and streamflow are the results of climate changes rather than hydrological regulations of water reservoir. When it comes to the Boluo station, we prefer to have such a viewpoint that water reservoirs exert tremendous influences on sediment load than streamflow variations, and the latter is heavily affected by other factors such as massive human withdrawal of freshwater aiming to satisfy the water demand of Hong Kong and its neighbouring regions. 2. Analysis of the locations, construction time of the water reservoirs, and the time when the change points occurred indicated that water reservoirs exerted tremendous influence on the sediment load and the streamflow variations. However, results of our analyses indicated different ways the water reservoirs impact the hydrological processes of the Pearl River basin. Besides what is mentioned above, coherency analysis indicates anti-phase relations between sediment load and streamflow after roughly the time when the construction and function of the water reservoirs begin. However, the anti-phase relations are mostly observed on longer time scales of >16 years. On the smaller time scales of <16 years, streamflow and sediment load are dominated by in-phase relations. Therefore, on shorter time scales, the sediment load transportation is still subject to hydrological dynamics. 3. The results of this study indicate that there are no fixed modes when we discuss the influences of human activities, e.g. water reservoirs in this study, on the hydrological variations of the river basin. It depends on the drainage area and regulation behaviour of the water reservoirs. Besides, influence of climate changes on hydrological variations exceed those of water reservoirs, so that only the influence of climate changes are observable. Besides, the decreasing streamflow and sediment load after around the 1980s are worthy of considerable concern from hydrologists and practitioners of water resources management on the river basin scale. Different ways and different intensities of influence that climate changes and human activities have on hydrological processes in different parts of the Pearl River basin have the potential to benefit from effective water resources management of the Pearl River basin as it is one of the economically developed regions of China. In addition, in this study, we classified the hydrological stations based on different ways the climate changes and water reservoirs exert influences on hydrological variations, indicating that no fixed patterns are available when we discuss impacts of water reservoirs. In this study, we also clarify the relations between sediment load and streamflow under the external influences on different time scales. All these points underscore the importance of this study.
